In a model of male sterility (MTp53) owing to enforced p53 expression in spermatocytes II and spermatids of transgenic mice, we focused on the role of caspases. Most of them are expressed in all differentiation stages, but only the transcriptional levels of caspase-2 and caspase-3 are modified in MTp53 germ cells. In normal testis, cleaved caspase-3 and caspase-9 are detected during the elongation of spermatids. Despite this constitutive presence of caspases during terminal differentiation, calpains are the main effectors of germ cell loss in MTp53 testes: calpain 1 RNA levels are increased, caspase-3-like activity is markedly decreased while calpain activity is higher and the calpain inhibitor E64d ((2S, 3S)-trans-epoxysuccinyl-L-leucylamido-3-methylbutane ethyl ester) reduces TUNEL labeling in MTp53 testis, whereas pancaspase inhibitor zVADfmk (N-benzyloxycarbonyl-ValAla-Asp(OMe)-fluoromethylketone) has no effect. Our work suggests that despite the presence, and potent involvement, of caspases in male haploid cell maturation, calpains are the executioners of the death of terminally differentiating germ cells.
Introduction
In adult organisms, cell lineages undergoing continuous differentiation are submitted to tight control of the balance between proliferation and apoptosis. In addition to homeostatic control, cell death is even more important in spermatogenesis to ensure gamete quality. A defect in apoptosis might permit the conservation of damaged cells and potential transmission of mutations to progeny. This could explain why adult male germ cells are very sensitive to cell death. Under normal conditions, this permanent differentiation has a few checkpoints leading to up to 50% cell mortality. Spermatogenesis starts with the mitotic expansion of spermatogonia from a pool of stem cells. The transition from diploid spermatogonia to tetraploid primary spermatocytes characterizes meiosis entry. Following the pachytene step, spermatocytes I undergo a reduction to diploid spermatocytes II, which are themselves reduced into spermatids. This marks the entry into spermiogenesis, a terminal maturation process characterizing haploid cells and producing spermatozoa.
In adults, genotoxic stress, heat shock, hormonal withdrawal or oxidative stress are the classical inducers of germ cell death. Even transformed, male germ cells remain extremely sensitive to cell death induction, 1 suggesting an efficient cell death machinery whose regulation and pathways are poorly characterized. In adult testis, tumor suppressor p53 is involved in apoptosis of spermatogonia after a genotoxic stress. 2, 3 Classically, p53 induces apoptosis mainly via the intrinsic, mitochondrial pathway, which involves the initiator caspase-2 and caspase-9, and the downstream executioner caspases (3/7 and 6). Caspases are cysteine proteases present as precursors, activated by dimerization or by proteolytic cleavage after cell death signal triggering. 4 Once activated, initiator caspases (2 and 9, and 8/10) cleave downstream procaspases to generate an amplification cascade, and effector caspases (3/7 and 6) degrade cellular components leading to classical features of apoptosis (i.e., nucleosomal DNA fragmentation, apoptotic bodies). Caspase involvement in male germ cell apoptosis has been less studied, but caspases could be potent therapeutic targets in resistant tumor cells, as demonstrated for caspase-9. 1 Caspase activity could also be involved in testis development and/or adult spermatogenesis: among apaf1 knockout models, one exhibits male sterility, 5 suggesting that apoptosome formation (cytochrome c-Apaf1-procaspase-9), which is responsible for caspase-9 activation, is necessary for testicular function.
Other cysteine proteases are involved in male germ cell loss: calpains are activated following testicular ischemia/ reperfusion. 6 Calpains I/m and II/m are ubiquitous proteases activated in vitro by increases in intracellular calcium (micromolar and millimolar concentrations, respectively). 7 Among their substrates, some are apoptotic effectors that are either activated -as Bcl2 family members -or inactivated -as p53 and caspases (for a review, see Vandenabeele et al. 8 ). We took advantage of a transgenic model of sterility (MTp53-94 strain) to study in vivo the role of caspases in spermatogenesis and to determine how p53 can trigger cell death in differentiating cells. 9 In the testis of adult transgenic mice, under the control of the metallothionein I (MTI) promoter, wild-type p53 is overexpressed in round spermatids. In heterozygous MTp53-94 transgenic males, expression of ectopic p53 leads to the death of elongating spermatids and to unfertility. We demonstrate herein that (i) in transgenic MTp53 males, the p53-expressing spermatocytes II and spermatids undergo caspase-independent cell death, and (ii) calpains are the main effectors of this cell loss despite the constitutive presence of activated caspase-9 and caspase-3 during normal spermiogenesis.
Results
Spermatocytes II and spermatids from MTp53 males express p53 and undergo cell death Our previous immunohistological results (Allemand et al. 9 and supplementary file 1) show that ectopic p53 is present in the round spermatids of MTp53 testis. Nevertheless, in adult spermatogenesis, the MTI promoter is constitutively activated from the pachytene stage of meiosis. 10 To determine in MTp53 testis whether p53 is present in the meiotic spermatocytes, I and II, the p53 labeling has been analyzed by flow cytometry. Using the p53 wild-type conformation-specific antibody pAb246, as shown in Figure 1a , a few cells (1.74%) were labeled for p53 in normal testicular cells. By contrast, on average, 30% of total MTp53 testicular cells were labeled for p53 (Figure 1b) . The DNA staining defined three main subpopulations in fixed testicular cells: (n) the haploid cells (round and elongating spermatids); (2n) the heterogeneous diploid population (premeiotic cells, namely germinal stem cells and spermatogonia, and meiotic spermatocytes II and somatic cells) and (4n) the tetraploid cells (proliferating spermatogonia and mainly spermatocytes I). Ectopic p53 was markedly expressed in haploid cells, in diploid cells (40% of the whole diploid population) and in a lesser extent in tetraploid cells. Taking into account the MTI promoter specificity, p53-positive cells are, respectively, spermatocytes II (2n) and spermatocytes I (4n). Similar results were obtained using the pan-p53 antibody pAb421 (data not shown).
Comparison of the TUNEL labeling by flow cytometry (Figure 1c and d Horizontal axis shows DNA content (PI staining: n haploid, 2n diploid, 4n tetraploid) and vertical axis fluorescein fluorescence corresponding to the TUNEL labeling (7S.E.). Baselines were positioned according to the control reactions without TdT enzyme of elongating spermatids histologically observed in MTp53 males, we show here that the exogenous p53 was also expressed in meiotic spermatocytes II and that this expression results in the death of a fraction of this cell population.
Caspase-3 RNAs are increased in MTp53 testicular cell subpopulations
To analyze the cell death pathway(s) involved in sterility of MTp53 males, the expression profile of procaspases was studied in the main subpopulations of adult testicular cells isolated from normal and transgenic MTp53 males. Premeiotic cells (stem cells and spermatogonia), meiotic cells (spermatocytes I and spermatocytes II) and postmeiotic spermatids were purified by flow cytometry using Hoechst 33342 staining. This strategy enables the purification of (i) the side population (SP), which contains the spermatogonia and is highly enriched in germinal stem cells, and (ii) the more differentiated cell populations.
11,12
Caspase-9 is one of the effector caspases of the intrinsic pathway and in mice, its gene codes for two splice variants, proapoptotic caspase-9L mRNA and antiapoptotic caspase-9S mRNA. 13 Using primers encompassing the alternative splice site, caspase-9L mRNA was the only variant detected in testicular cells (Figure 2a ). The mRNAs of executioner caspase-6 and caspase-7 were present at all the differentiation stages. Caspase-8 mRNAs were weakly detected in wildtype cells, confirming that the extrinsic/death receptor pathway in male germ cells is mainly triggered by caspase-10. 14 In germ cells of MTp53 transgenic mice, the patterns and levels of expression of caspase-6, caspase-7, caspase-8 and caspase-9 RNAs were not markedly modified (data not shown). By contrast (Figure 2b ), caspase-3 RNA level was increased in spermatocytes II and spermatids compared to normal cells, suggesting caspase-3 involvement in transgenic germ cell death and sterility of mice.
Caspase-2 gene expression is altered in MTp53 testicular cells
The expression levels of caspase-2 gene were also modified between normal and transgenic cells. Two differentially spliced forms of caspase-2 mRNA have been described in mouse, encoding for the proapoptotic caspase-2L and the shorter antiapoptotic caspase-2S. 15, 16 To analyze caspase-2 gene expression, we designed a set of primers (804/1245) encompassing exon 8 (containing the catalytic domain) and the alternative exon 9 (61 intronic nucleotides), in order to detect both splice variants. The two spliced isoforms were expressed in normal germ cells (Figure 3a) , the caspase-2L variant being the major form in premeiotic and meiotic cells, and caspase-2S in haploid cells. The levels and ratio were clearly modified in MTp53 cells: both variants were increased in spermatocytes I and spermatids and caspase-2S levels were higher in spermatocytes II.
In addition, a 350 bp band was detected and named caspase-2SL, whose level was clearly enhanced in MTp53 spermatocytes I and II. This PCR amplicon was sequenced using primers 804 and 1077. The resulting sequence compared with the caspase-2L reference sequence NM_007610 showed that the entire eighth exon, coding for the catalytic site, is absent (Figure 4a ). Exon 7 is directly fused to exon 10 without inclusion of the alternative exon 9. Using a primer upstream of the first initiation codon ATG-86 (32/1077), we detected three PCR products corresponding to the three alternative transcripts (data not shown). Consequently, the caspase-2SL ORF might code for a truncated protein of 322 residues with an apparent molecular weight of 35 kDa. A frame shift occurs in the p18 coding region, resulting in the mutation of the catalytic site QACRG and the generation of a premature stop codon (Figure 4b ). Using a primer overlaying exon 7 and exon 10 boundaries, we confirmed the existence of this alternative variant in germ cells and its increase in transgenic cells (Figure 3b ). In addition, the expression of this alternative transcript was not restricted to germ cells ( Figure 3c ). It was detected in all the somatic tissues tested: liver, spleen, heart and brain. It was also present in adult cells as in developing tissues (neonatal liver and spleen).
In conclusion, three splice variants of caspase-2 gene were detected in testicular cells. As equivalent cDNA quantities were used, the ratios between the three PCR products seem to vary according (i) to the differentiation stages and (ii) to the p53 cellular levels in transgenic cells. 
Activated caspase-3 is detected during spermiogenesis in MTp53 testes but also in normal counterparts
The increased levels of caspase-2 and caspase-3 RNAs detected in MTp53 transgenic cells -especially in spermatocytes II and spermatids -suggested the involvement of caspases in the cell death. We firstly focused on the cleavage of procaspase-3, because it is one of the executioner caspases, at the crossroads of intrinsic and extrinsic pathways, and it is involved in the induction of nucleosomal DNA fragmentation. As shown in Figure 5Aa , cleaved caspase-3 was detected in transgenic seminiferous tubules and mainly in degenerating round spermatids. Caspase-3 was rarely observed at upstream differentiation steps and we could not determine whether caspase-3 is activated in MTp53 spermatocytes II. Interestingly, cleaved caspase-3 was also detected in wild-type testis during spermiogenesis: according to the tubule staging in the very early elongating spermatids of the seminiferous tubules as sperm release has just occurred ( Figure 5Ae ). Activated caspase-3 was detected with two different antibodies (see Materials and Methods) and in two different genetic backgrounds: C57BL/6j and SV129. This suggests that caspase-3 is involved in normal terminal differentiation, the process of elongation of haploid germ cells. In order to clarify the role of caspase-3 activation in MTp53 germ cell loss, caspase-3-like activity was measured in whole testicular cells. As shown in Figure 5B , this activity is markedly reduced in MTp53 testis (a four-fold) compared with the normal counterpart as a consequence of spermatid depletion and/or caspase-3 degradation. As the p53-induced apoptosis mainly goes through the intrinsic pathway, we focused on procaspase-9 activation. Western blot analysis of whole testicular cell extracts and immunohistological studies failed to demonstrate any proteolytic processing in transgenic testis (data not shown). Nevertheless, cleaved caspase-9 was detected on normal testis sections ( Figure 6 ). Caspase-9 labeling is present in spermatids from step 7 to 12 and in residual bodies. It is firstly observed in the acrosomal vesicles of round spermatids, in stage VII tubules before sperm release, and further in the heads of elongating spermatids in stage VIII-XII tubules. During normal spermiogenesis, caspase-9 activation precedes caspase-3 cleavage, but both caspases seems not involved in MTp53 germ cell loss.
Calpains are the main protease effectors of death in MTp53 germinal cells
Decrease in caspase-3-like activity and lack of caspase-9 activation suggested that spermatocytes II and spermatids expressing p53 undergo caspase-independent cell death. Calpains I and II might be the best candidates as proteolytic effectors. These ubiquitous enzymes are involved (i) in testicular cell loss in ischemia/reperfusion models, 6 and (ii) in several models of postmitotic, differentiating cell death. [17] [18] [19] Calpain 2 mRNAs were observed at all differentiation stages of normal spermatogenesis without any modification in transgenic cells (Figure 7a ). By contrast, calpain 1 mRNAs were only detected in normal SP cells and spermatocytes II. Although capn1 RNAs were lacking in normal spermatocytes I and spermatids, they were markedly expressed in the corresponding transgenic cells. As shown in Figure 7b , this was correlated in MTp53 testicular cells with a higher calpain activity. In the presence of calcium, the cleavage of the fluorometric substrate N-succinyl-Leu-Tyr-AMC was twice in transgenic cell lysates than that of control normal cells. The calpain activity was increased despite equivalent amounts of proteins (see supplementary file 2) and the depletion in spermatocytes II and spermatids characterizing the transgenic testis. The deduced amino-acid sequence of murine caspase-2SL was aligned with that of caspase-2L (Accession number NP_031636). The CARD sequence is lightly shaded and the CASc is shaded and the catalytic site is in bold. The frameshift sequence in caspase-2SL is italicized (Figure 7c ). Normal and transgenic testis were ex vivo incubated either with the pancaspase inhibitor zVADfmk (N-benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone) or with the calpain inhibitor E64d ((2S, 3S)-trans-epoxysuccinyl-L-leucylamido-3-methylbutane ethyl ester). The extent of the TUNEL labeling was insensitive to the caspase inhibitor zVAD, whatever the concentration used (10 or 100 mM), suggesting that DNA fragmentation is not caspase-mediated. By contrast, E64d incubation markedly reduced the TUNEL labeling in the transgenic testes (a two-fold decrease), even at the lower dose of 10 mM. In conclusion, these data argue in favor of the involvement of calpains I and II in MTp53 cell loss. 
Discussion
Adult male germ cells are prone to undergo cell death. As we have shown during normal spermatogenesis, most of the proapoptotic variants of caspase genes -caspase-2L, caspase-9L, caspase-6 and caspase-7 -are expressed from SP cells (premeitotic) to spermatids (postmeiotic). By contrast, the caspase-8 gene is weakly expressed in SP cells 14 and caspase-3 expression is faintly detected in normal premeiotic and meiotic cells. The antiapoptotic caspase-2S variant is present in male germ cells, whereas the antiapoptotic caspase-9S is totally absent. We note that all the mRNAs of 'apoptotic' caspases are present in the SP cells. This heterogeneous population contains germinal stem cells and spermatogonia, 11 the latters being on one side proliferating and on the other side highly sensitive to genotoxic-induced apoptosis.
Several transcriptional modifications are observed in transgenic testicular cells. Caspase-3 RNA levels are increased in the p53-expressing cells, spermatocytes II and spermatids, but no direct regulation of caspase-3 gene transcription by p53 has yet been reported. Caspase gene transcriptional levels can be modified in various situations: development, differentiation or after ischemia and stroke. Upregulation of caspase-3 mRNAs is reported in various in vivo models of apoptosis of the nervous system: brain injury and Huntingtin transgenic mice. 20, 21 In addition to ubiquitous transcription factors, (i) caspase (3, 7, 8 and 9) gene transcription is directly regulated by E2F1 in proliferating cells (and probably by other E2F family members 22 ), (ii) in differentiating keratinocytes, Notch can also upregulate caspase-3 promoter activity. 23 In addition to the well-known posttransductional regulation of caspases, caspase gene transcription also seems tightly controlled during differentiation commitment and stress responses. It might also be right for the alternative splicing of caspase genes. We observed that the ratio between the caspase-2 gene variants is altered in MTp53 cells: proapoptotic caspase-2L is the major form in normal germ cells, but in transgenic mice, antiapoptotic caspase-2S is the main variant in spermatocytes II and spermatids. Such situation has already been described in human cells, within modulation of topoisomerase activities can affect caspase-2 pre-RNA splicing 24 and oxidative stress induces caspase-2S protein expression in macrophages. 25 This enhanced caspase-2S level detected in MTp53 cells suggests a caspase-independent process. In agreement with this, calpain 1 RNA levels are markedly increased in MTp53 spermatocytes I, spermatocytes II and spermatids. Consequently, calpains I and II are good candidates as proteolytic executioners of MTp53 germ cell death. Caspase-3 mRNA levels suggest low protein levels restricted to particular differentiation steps, which could be compensated for by caspase-7 activity, as demonstrated in vivo in the developing mouse brain; 26 but we did not detect any caspase-7 labeling in MTp53 testis (data not shown). MTp53 testis displays a marked decrease in caspase-3-like activity and lack of caspase-9 cleavage. This might be partly due to spermatid loss, but also probably to caspase-3 and/or caspase-9 proteolysis mediated by calpains, which activity is markedly increased in transgenic germ cells. 27 In the same way, RARaÀ/À mice exhibit caspase-independent spermatid loss. 28 Late differentiating male germ cells share similarities with various postmitotic/terminally differentiating models of caspase-independent cell death: p53-expressing or NMDAtreated neurons, 17, 18 ischemic mature brain, 29 light-injured mature photoreceptor cells 19 or differentiating PC12 cells. 30 So in terminally maturing cells, calpain activation bypasses an inhibition or a block in the caspase pathway generally related to a decrease in apoptotic effectors like Apaf1 or caspase-3. Nevertheless, by using RT-PCR, apaf1 gene was expressed at all the differentiation stages of normal and transgenic cells (data not shown), which cannot explain the lack of caspase-9 activation. In spermatogenesis, the shift in cytochrome c isoforms (somatic cytochrome c is replaced by testicular cytochrome c) in pachytene cells might explain the caspase failure in differentiating cells. 31 In addition, mitochondria release other molecules like AIF responsible for an 'apoptosis-like' phenotype without full nucleosomal DNA fragmentation (but TUNEL positivity) and which can be coupled to caspase-independent cell death. 32, 33 Finally, by enhancing levels of caspase-2S antiapoptotic variant in transgenic cells, the caspase pathway could be blocked. In human cells, caspase-2 has a role in p53-induced apoptosis by acting upstream of caspase-9 in an oligomeric structure named the piddosome. 34 This complex includes PIDD, the adaptater RAIDD and procaspase-2 whose caspase recruitment domain (CARD) prodomain is necessary for the interaction. One can argue that the overexpressed shorter caspase-2 isoform may interfere and inhibit death signal transduction, as previously observed in leukemic cells. 35 On the other hand, we have detected in germ cells and in somatic tissue a third alternative transcript, caspase-2SL, whose putative protein does not include the catalytic domain and has a shorter Cterminal than caspase-2S. This isoform as a CARD protein could be involved in protein recruitment. 36 It will be interesting to test whether this variant is present in casp2À/À mice and might explain their phenotype. 37 The gene-targeting construct results in exon 8 deletion, and so the third minor form 2SL might still be expressed. One can suppose that without any antagonizing partner, caspase-2SL might increase apoptosis by favoring proapoptotic protein recruitment, as reported for the enhanced death of casp2À/À facial motoneurons.
Although it is demonstrated that caspases have no role in MTp53 germ cell loss, cleaved caspase-9 and caspase-3 are detected in normal testis during terminal differentiation. A 'nonapoptotic' role for caspases has been demonstrated during Drosophila spermatogenesis. 38, 39 The caspase-3-related effector caspase drICE is activated in elongating spermatids and its inhibition lead to sterility. The apical caspase DRONC, a caspase-9 homolog, is also activated. They are both involved in cell individualization, where clones of spermatids are processed in order to produce single cells. This is controlled by dBruce, a ubiquitin-conjugating enzyme, in order to protect the nucleus against caspase activity. In mammals, male germ cells also progress through differentiation as synchronized and connected clones named syncitia, resulting in incomplete cytokinesis, a feature of entry into differentiation. These intercytoplasmic bridges are eliminated after completion of meiosis during spermiogenesis. In mammals, caspase-1-like activity was suspected in spermatids, 40 but our results show that caspase-3 is also involved in terminal maturation of haploid cells and /or syncitia removal, and caspase-9 earlier in maturation of the spermatid heads. This agrees with the caspase-3 labeling of mature spermatozoa. 41 Nevertheless, we were unable to develop an ex vivo inhibition test to confirm a caspase requirement, because spermiogenesis is blocked without vitamins and hormonal supply. 42 The high degree of conservation of caspases supports their role in mammal spermatogenesis, in continuity with the one reported for Drosophila. In addition, this caspase role in differentiation, unrelated to cell death, is shared by somatic tissues; the involvement of the 'apoptotic' caspases in development and terminal differentiation is already established (for a review, see Launay et al. 43 ).
Materials and Methods

Mice
MTp53 transgenic males were raised in our animal facilities. This heterozygous strain (MTp53-94) is maintained on a C57BL/6J background and also supplies the normal control males. All animal procedures reported in this paper were carried out in accordance with French Government regulations (Services Vétérinaires de la Santé et de la Production Animale, Ministère de l'Agriculture). (10 and 30 mM) . The y-axis shows the number of TUNEL-labeled cells for 100 tubules (mean7S.E.) and the number of analyzed mice is mentioned in parenthesis Testicular single-cell suspensions Testicular cells were isolated from 3-month-old male mice by a collagenase I/cell dissociation buffer (In Vitrogen) procedure. 11 After the collagenase digest, interstitial cells were discarded by a filtration step with a 40 mm nylon mesh. The single-cell suspensions were resuspended in incubation buffer (HBSS supplemented with 20 mM Hepes, pH 7.2, 1.2 mM MgSO 4 Á 7H 2 O, 1.3 mM CaCl 2 Á 2H 2 O, 6.6 mM sodium pyruvate, 0.05% lactate, glutamine and 1% fetal calf serum) and further incubated at 321C in a water bath.
p53 labeling and FACS analysis
After an HBSS wash, 10 6 cells were resuspended in 250 ml of Cytofix s (BD Pharmingen) and incubated for 20 min at 41C. Cells were further rinsed twice in Perm/wash s solution (BD Pharmingen). The p53 labeling was performed with 0.5 mg of pAb246 (BD Pharmingen) diluted in Perm/ wash s at 41C for 30 min; an isotype-matched antibody (Dako) was used as a negative control. An anti-mouse antibody conjugated to FITC (Dako) was used as a secondary antibody (15 min at 41C in Perm/wash s ). Cells were twice rinsed in PBS 1 Â , further stained with propidium iodide (PI) (50 mg/ml) and treated with RnaseA (0.1 mg/ml). Data (10 4 events/sample) were collected on a FACScalibur (Becton Dickinson) and analyzed with CellQuest software. Debris were excluded using the FSC/FL3A plot.
TUNEL labeling of testicular cell suspensions
After an HBSS wash, 1.5 Â 10 6 cells were resuspended in 375 ml of Cytofix s (BD Pharmingen) and incubated for 20 min at 41C. The cell pellet was twice rinsed with 1% BSA, HBSS, resuspended in 70% ethanol and fixed overnight at À201C. TUNEL labeling was performed using the APOBRDUt kit (BD Pharmingen), twice for each cell suspension. Cells were twice rinsed in PBS 1 Â and further stained with PI (50 mg/ml) and treated with RnaseA (0.1 mg/ml). Data (10 4 events/sample) were collected on a FACScalibur (Becton Dickinson) equipped with CellQuest software. Debris were excluded using the FSC/FL3A plot. Thresholds were set up from control labeling without any TdT enzyme. Data were collected from at least three different mice, from which both testes were pooled to prepare the cell suspension.
Cell sorting, RNA extraction and RT-PCR Testicular cells were stained by Hoechst 33342 (10 6 cells with 5 mg/ml incubation buffer supplemented with 10% FCS) for 45 min at 321C. PI (2 mg/ml) was added before purification. Analysis and cell sorting were performed on a FACStar Plus flow cytometer (Becton Dickinson) equipped with a 360 nm UV argon laser. Hoechst blue and red fluorescence were collected using a combination of 400 nm long-pass and 505 nm short-pass filters, and a 630/30 band-pass filter. Total RNA was purified from sorted cells, using the RNeasy s Mini Kit according to the manufacturer's instructions (Qiagen). Frozen tissue samples were ground to a powder under liquid nitrogen and then homogenized in 4 M guanidium thiocyanate. RNAs were pelleted through a 5.7 M CsCl cushion. RNA concentrations were quantified using the RiboGreen s RNA quantification kit (Molecular Probes). The first strand of cDNA was synthesized from 100 ng of total RNA, in 6.7 mM MgCl 2 , 67 mM Tris-HCl, pH 8.8, 16.6 mM (NH 4 ) 2 SO 4 with 5 mM pdN 6 and 1.25 mM of each dNTP with 200ml of M-MLV RT (for 45 min at 421C). The cDNA was then diluted to 150 ml and 5-10 ml were used in PCR. All PCR reactions were classically performed using the following primers:
Equal amounts of RNA were tested in parallel for the absence of amplification of genomic DNA. RT-PCR assays were performed twice on each subpopulation and in addition on populations purified from two independent sorting experiments.
Caspase-2 mRNA expression analysis
Primers are numbered according to GenBank sequence NM_007610 coding for procaspase-2L. Each PCR was performed on at least two different RNA samples.
Caspase-3 and caspase-9 immunostainings
Testis sections (5 mM), fixed in Bouin and paraffin-embedded, were hydrated. After antigen retrieval by microwave irradiation in citrate buffer, sections were treated with 0.3% H 2 O 2 , PBS and further blocked in 3% BSA, PBS. Sections were incubated overnight at 41C with the rabbit polyclonal antibody CM1 anti-cleaved caspase-3 (BD Biosciences) or the rabbit polyclonal antibody anti-cleaved caspase-9 (Asp 353) (Cell Signaling) diluted 1 : 100 in 3% BSA, PBS. Labeling was revealed by an indirect immunoperoxidase technique using ABC Vectastain Kit (Vector Laboratories) and Sigma fast DAB (Sigma). Sections were counterstained 
Proteolytic activity assay for caspases
Caspase-3-like activity (DEVD-AMC cleavage) was measured in whole testicular cell suspensions, using the fluorometric CaspACE assay kit (Promega) according to the manufacturer's protocol. The reactions were performed on 15 mg of proteins at 371C for 2 h (fluorimeter Flx 8000, BioTek) and the data collected during the linearity phase of the reaction were analyzed with KC4 software. Results are expressed as mean7S.E., from at least two assays of each cell lysate.
Proteolytic activity assay for calpains
Calpain activity was measured in whole testicular cell suspensions, by using the fluorometric substrate N-succinyl-Leu-Tyr-AMC (Sigma), preferentially cleaved by m-calpain and m-calpain. Cells were lysed in 250 mM sucrose, 1 mM EDTA, 50 mM Tris-HCl, pH 7.4 and 1 mM DTT with antiprotease cocktail (Roche), and supernatants were recovered after a 30 000 Â g centrifugation. The background activity without calcium was measured on 15 mg protein in 63 mM imidazole HCl, pH 7.3, 1 mM EDTA, 10 mM EGTA and 10 mM b-mercaptoethanol. It was substracted from calcium-dependent activity measured in 63 mM imidazole HCl, pH 7.3, 5 mM Ca 2 þ and 10 mM b-mercaptoethanol. 44 Data were collected as previously described for caspases and results are expressed as mean7S.E., from at least two assays of each cell lysate.
Ex vivo inhibition assay of caspase and calpain activities
Holes were formed in the albuginea and the testes were further incubated for 8 h in incubation buffer supplemented with the inhibitor at 321C. The pancaspase inhibitor ZVADfmk (Bachem) was prepared at 200 mM in DMSO and further diluted to 10 and 100 mM in incubation buffer. Control testes were incubated in 0.05% DMSO. The calpain inhibitor E64d (Sigma) was prepared at 1 mg/ml in water and used at 10 and 30 mM. The tissue was further rinsed once in PBS, fixed for 12 h in 4% paraformaldehyde-PBS and wax-embedded. TUNEL was performed as described previously 9 and tubules were scored for the presence of labeled cells (7S.E.). At least two transgenic testes per set of conditions were used with their normal counterpart.
